Hepatitis E virus (HEV) is a 7.2 kb positive-sense, single-stranded RNA virus containing three 16 partially overlapping reading frames, ORF 1-3. All non-structural proteins required for viral 17 64 (15, 16). 65 The largest of the three ORFs is ORF1, which is transcribed as a single 1693 residue polyprotein 66 (17). In the absence of structural characterization, ORF1 has been compared to homologous viruses 67 and computationally analyzed to identify eight putative domains (18). These include a 68 methyltransferase domain (Met), Y domain (Y), papain-like cysteine protease (PCP), a proline-69 rich region that contains a hypervariable region (H), X-domain (X), helicase (Hel) and an RNA 70 dependent RNA polymerase (RdRP) (Figure 1 ). With the exception of the Y-domain and papain-71 like cysteine protease, all identified domains have now been characterized to some extent, and 72 experiments have been performed to confirm the predicted protein functions (19)(20)(21). The 73 predicted protease is more elusive as a distinct protease is not identifiable in the HEV polypeptide 74 sequence, however homology modelling of other alphaviruses homologous to HEV which contain 75 a cysteine protease, predict a putative cysteine protease between residues 433 and 592 in ORF1 76 (18).
homologous region of the HEV protein corresponded to all β-strands and the first two α-helices, 140 while helices 3 and 4 were not present in any of the structural homologs identified. In our structure, 141 α-helix 4 is located between the anti-parallel β-sheets, and analysis of the identified homologous 142 structures showed fatty acids bound in the same location ( Figure 3C ). An additional HEV construct 143 from residues 510 -635 (HEV 510-635 ), which has boundaries homologous to the identified fatty 144 acid domains was produced. However, in this case the removal of the C-terminal residues 145 abolished all protein expression, indicating that the additional residues and resulting secondary 146 structure were likely part of the identified domain and may play an important role in protein folding 147 and/or function. 148 Analysis of the region around α-helices 3 and 4 identified that there was density corresponding to 149 a bound metal ion, coordinated by two residues, His 671 and Glu 673. In addition, another residue, 150 His 686, was positioned in close proximity to act potentially as the third co-ordination site. 151 However, in our structure, His 686 was in the opposite conformation and the side chain was not 152 oriented to coordinate the bound metal ( Figure 4A ). Native HEV 510-691 crystals soaked in a 1 mM 153 solution of EDTA showed signs of cracking following 1 hour of soaking and the resulting datasets 154 showed no electron density in the region where we had previously identified the bound metal. This 155 confirmed that the identified density corresponded to a metal or some other entity that can also be 156 coordinated by EDTA. In the HEV 510-691 crystal structure, the density corresponding to the metal 157 atom could not be fully satisfied by a single metal during refinement. This indicated that there 158 were either different metal species present (i.e. the endogenous metal in addition to metal from 159 either the purification or the crystallization conditions), or that the binding site was not fully 160 saturated with the endogenous metal and thus was partially occupied. To identify which 161 endogenous metal the protein had highest affinity for, DSF was used to screen a number of 162 different possibilities (Table 2) to see which, if any, metal could induce an increase in thermal 163 stability. Of the 17 metals tested, zinc was the only metal that stabilized the protein and induced 164 an increase in thermal stability of 3.0 ℃ ( Figure 4B ). Datasets acquired with HEV 510-691 crystals 165 soaked in a 1 mM solution of zinc chloride showed zinc at this position. However, the His 686 166 sidechain was still not orientated properly to act as the final zinc co-ordination site.
167
His 686 is located close to the end of the crystalized construct, so it is plausible that additional 168 residues at the C-terminus of the construct could induce the formation of additional secondary 169 structure and change the orientation of the His 686 side chain. To test this, additional constructs 170 were designed selecting C-terminal boundaries based upon the presence of stretches of low 171 complexity amino acid sequences (i.e. poly-glycine, -alanine, -serine or combinations thereof) with 172 the additional consideration of not adding a significant number of disordered residues to the 173 HEV 510-691 construct. A construct from residues 510 -720 (HEV 510-720 ) was produced that was 29 174 residues longer than HEV 510-691 , and was analyzed by NMR. Comparison of HEV 510-720 with the 175 HEV 510-691 showed that the additional residues had amide chemical shifts in the region of 7.5 -8.5 176 ppm, which is indicative of disordered amino acids ( Figure 5A ), and coincided with the performed 177 secondary structure prediction ( Figure 1B ). Analysis by DSF showed that in the presence of zinc, 178 the HEV 510-720 had a greater increase in thermal stability (5.5 ℃) compared to the HEV 510-691 179 ( Figure 5C ). To optimize the construct further, additional C-terminal truncations were made and 180 biophysically characterized to identify a construct that both added the fewest disordered residues 181 and induced an equivalent increase in protein thermal stability in the presence of zinc. A construct 182 from residues 510 -696 (HEV 510-696 ) was identified to be the optimal construct and exhibited a 6 183 ℃ increase in thermal stability in the presence of zinc ( Figure 5C ), but did not contain an additional 184 increase in disorder in the NMR spectrum ( Figure 5B ). HEV 510-696 was used for crystal screening, 185 but no crystals were observed with this construct in the presence or absence of zinc.
186
When comparing the [ 1 H -15 N] HSQC spectra of HEV 510-691 and HEV 510-696 , although many of 187 the signals in the two spectra overlapped, there were also a number of amide resonances that 188 experienced a significant chemical shift perturbation. Assignments of all amide peaks were 189 obtained, and the residues experiencing a significant chemical shift perturbation were mapped to 190 the three potential zinc co-ordination residues, the residues at the C-terminus and a stretch of amino 191 acids on β-strand 4, between residues 572 -574 ( Figure 5D ). Although these constructs did not 192 crystallize, it can be inferred from the NMR data that the additional C-terminal residues form a β-193 strand, running antiparallel to β-strand 4. This would also allow His 686 to be oriented in such a 194 way as to act as the final zinc co-ordination site. To confirm if His 671, Glu 673 and His 686 were 195 involved with zinc co-ordination, each of the three residues were mutated individually and together 196 to an alanine residue. Mutation of each residue contributed approximately a 2 ℃ reduction in 197 thermal stability when compared to HEV 510-696 (approximately 2 ℃ for each single mutation and 6 198 ℃ for the triple mutant). However in comparison to HEV 510-696 , all mutant constructs failed to show 199 any increase in thermal stability in the presence of zinc ( Figure 6 ), indicating that all three residues 200 are involved with zinc co-ordination.
201
Work characterizing the predicted HEV protease has been performed with constructs that closer 202 matched the boundaries identified by Koonin et al (18, 25, 29) (Figure 1A ). To investigate the 203 effect of additional residues at the N-terminus of HEV 510-691 , additional constructs were produced 204 that extended the N-terminal boundaries to residues 455 (HEV 455-691 ), 440 (HEV 440-691 ) and 403 205 (HEV 403-691 ). These boundaries were selected as described above, in regions that had been 206 predicted not to contain regular secondary structure. Previous work identified that E. coli BL21 207 cells expressing residues 440 -610 experienced cell death upon induction at different temperatures 208 and various concentrations of IPTG (25). Consistent with these observations, when the three N-209 terminally extended constructs were expressed in unlabeled medium in the absence of trace metals, 210 cell growth was significantly inhibited following induction of the target proteins with IPTG.
211
However, when E. coli were grown in unlabeled medium that had been supplemented with 1 x 212 trace metals, normal cell growth and soluble protein expression was observed following induction 213 with IPTG.
214
As the number of residues at the N-terminus increased, a corresponding reduction in protein 215 expression was observed, with HEV 440-691 identified to have comparable protein expression to the 216 shorter constructs tested, which coincided with the previously identified putative protease domain 217 (18). Following gel filtration of HEV 440-691 , it was apparent that the purified protein eluted from 218 the gel filtration column at a much lower retention volume ( Figure 7A ) than expected (at a retention 219 volume corresponding to a protein of Mw 270 kDa) and was brown in color. Mass spectrometry 220 was performed with the protein species under denaturing conditions and a single peak at 27136.33
221
Da was observed ( Figure 7B ), which corresponded to the expected molecular weight of the 222 monomeric protein and indicated that the protein eluting from the column was oligomerized. It 223 was likely that the brown hue was coming from a bound metal and to identify if this was the case, 224 the protein was thermally denatured, spun down and the supernatant was analyzed with 5F-225 BAPTA. 5F-BAPTA is divalent cation chelator with two fluorine atoms positioned at simultaneous 226 positions, which yields a single peak in the 19 F NMR spectrum. This signal can be monitored using Detailed characterization of the non-structural proteins in ORF1 has proven to be a significant 235 impediment in the understanding of the HEV genome. Initial structural analysis found regions in 236 the HEV ORF1 that were predicted to correspond to a methyltransferase, Y-domain, disordered 237 hinge, X-domain, helicase and RNA dependent RNA polymerase. Based on other positive-sense 238 RNA viruses, it was hypothesized that a protease should also be encoded within ORF1. However, 239 structural analysis could not conclusively identify a corresponding region, and the proposed 240 cysteine protease was assigned to a region between residues 433 and 592 (18).
241
Our analysis of the HEV ORF1 identified that there is a region of ordered secondary structure 242 (resides 510 -691) sandwiched between two regions of disorder (residues 492 -509 and 692 -243 779). Overexpression of this region resulted in a soluble, stable protein, suitable for crystallization.
244
The resulting protein structure of the HEV 510-691 displayed a high structural homology to fatty acid 245 binding domains, that when compared to homologous fatty acid binding proteins, revealed two 246 additional α-helices present at the C-terminus of the construct. One of the two additional α-helices 247 is located between the two β-sheets, in the same position where homologous fatty acid binding 248 proteins bind their respective fatty acids ( Figure 3C ). Removal of these two additional α-helices 249 from the HEV construct resulted in no expression of the protein, suggesting that this region was 250 important for structural stability.
251
Further analysis of the additional α-helices showed the presence of a bound zinc metal ion 252 coordinated by residues His 671, Glu 673 and His 686, which was confirmed by DSF and site-253 directed mutagenesis studies (Table 2 and Figure 6 ). Each single mutant had a similar Tm in the 254 absence of zinc (within 2℃) suggesting that each of these mutants abolished zinc coordination but 255 did not adversely affect the protein fold. Although it is currently unknown if the coordinated zinc 256 performs a catalytic or structural role, coordination of zinc for the purpose of structural integrity 257 is predominantly achieved through a combination of cysteine and histidine residues, whereas 258 acidic amino acids are included in the coordination site when the bound zinc is used for catalytic 259 purposes (31). Analysis of all annotated HEV sequences present in Uniprot show complete 260 conservation of residues Glu 673 and His 686, whereas residue 671 fluctuates between a histidine 261 (78%) and a tyrosine (22%) in the available deposited sequences.
262
Taking into consideration the high conservation of the coordinating residues along with the 263 observation that the protein has a potential catalytic zinc coordination site, it is possible that the 264 solved structure corresponds to a zinc metalloprotease. All metalloproteases require an acidic 265 residue in close proximity to the coordinated zinc to act as the catalytic residue during the 266 proteolytic reaction. Analysis of the amino acid conservation of other residues in close proximity 267 to the bound zinc identified the highly conserved Glu 583, which is positioned between β-strands 268 5 and 6, which could potentially serve as the catalytic residue. As expected, mutagenesis of Glu 269 583 to alanine did not have any significant effect on the induced increase in thermal stability upon 270 addition of zinc as this residue is not directly involved with zinc coordination and thus does not 271 directly stabilize the proteins tertiary structure. In the crystal structure of HEV 510-691 , the current 272 geometries of the zinc coordinating residues are not optimal to catalyze a proteolytic reaction, 273 however there remains the possibility that the binding of a fatty acid or some other endogenous 274 ligand between the two β-sheets could displace α-helices 3 and 4, re-orientating the zinc 275 coordinating amino acids into a catalytically active orientation. While we have not identified the 276 endogenous ligand that interacts with the domain, it is well documented that the liver is rich in 277 fatty acids so binding of a specific fatty acid to the protease could be used by the virus as a 278 regulatory mechanism. In addition, it is known that the biochemical profile of the liver changes 279 throughout pregnancy (32). Thus, if the protein has a specificity for a fatty acid that is at elevated 280 levels in pregnant women, this could also explain why the virus has increased mortality and 281 morbidity in pregnant women in their third trimester (3).
282
There are no reports in the literature either unambiguously confirming or refuting the existence of 283 a protease in HEV, with assays performed in vitro and in different cell lines reporting several 284 distinct cleavage products (22-25, 27, 33, 34) . If the HEV protease requires binding of a particular 285 fatty acid to correctly form the catalytic site for ORF1 processing, this could potentially explain 286 these results, as the overall replication rate of the virus would be determined by the concentration 287 of a particular fatty acid in the different cell strains tested.
288
In an attempt to validate the potential protease activity and if the bound zinc plays a role in viral 289 replication, we attempted to implement mutations to the zinc coordinating residues in a HEV 290 replicon, based off of the well-studied pSK-HEV2 construct (GenBank: AF444002.1) (16, 35) .
291
Wild type and mutant replicons, containing the previously described replication-abolishing GDD 292 to GAD mutation in the conserved motif of the viral RNA-dependent-RNA polymerase (35), were 293 synthesized with a NanoLuc-PEST reporter positioned in frame with the ORF2, and sequence 294 verified. Studies with the pSK-HEV2 replicon typically require the use of the Huh7-S10-3 liver 295 cell line (36) , which we were unable to secure access to, and unfortunately all other cell lines 296 tested in-house were unable to support HEV replication. Although we could not execute studies 297 with the HEV replicon, these experiments are vital to gain a more detailed understanding of the 298 HEV life cycle and we are more than willing to provide our replicons to any research group who 299 would be able to follow up with these studies.
Region 510 -696 was identified to sit between two predicted regions of disorder, so it is plausible 301 that the crystal structure constitutes the complete domain. To confirm this, additional constructs 302 were produced that extended the HEV 510-691 at both the N-and C-termini and analyzed. NMR 303 studies determined that additional residues added at the C-terminus were disordered, which was 304 consistent with both the secondary structure prediction and the assessment that these residues were 305 part of the disordered 'hinge' region. Incremental addition of residues at the N-terminus caused a 306 significant reduction in protein expression, with no protein expression observed with HEV 403-691 307 or other constructs extended at the N-terminus. Addition of 70 amino acids to the N-terminus 308 (HEV 440-691 ) of the HEV 510-691 did not seem to have an adverse effect on protein expression, but 309 resulted in the production of a protein oligomer, which was brown in color due to the presence of 310 bound iron. The 70 additional N-terminal residues added contain six cysteine residues, some of 311 which had previously been implicated as potential catalytic residues for the HEV protease (25).
312
Contrary to this report, we would like to propose that these cysteine residues are involved in the 313 formation of an iron-sulfur cluster. This is consistent with observations of iron-sulfur clusters in 314 other hepatitis viruses (38).
315
As HEV continues to infect a significant number of individuals each year, a greater understanding 316 of the viral biology is required so dedicated antiviral therapeutics can be developed. Until now, 317 the presence of a protease or other non-structural protein between the predicted Y-Domain and 318 hyper-variable region in ORF1 was based upon comparison to other positive-sense RNA viruses 319 and mutagenesis data of residues predicted to be involved with a proteolytic mechanism. Although 320 published data is ambiguous about the presence of a protease in ORF1, the results published in this 321 manuscript confirm the presence of a non-structural protein in the HEV ORF1 between residues 322 510 and 691. Having characterized the domain, both structurally and biophysically, it is clear the 323 protein has structural homology to a fatty acid binding domain, contains a non-characteristic 324 catalytic zinc-binding motif and could potentially act as a zinc metalloprotease. While we have 325 shown in vitro that the identified zinc coordinating residues are essential for metal coordination, 326 we have been unable to confirm the importance of the zinc-binding motif in viral replication.
327
Although we were unable to perform these studies, it is our hope that another research group will 328 follow-up on characterizing the identified domain in vivo. It is our belief that the data presented 329 here has provided a significant advancement in the understanding and characterization of the HEV 330 non-structural proteins and we hope that it will form the building blocks for a more detailed 331 understanding of HEV biology.
Materials and Methods
(MOPS) pH 7.5, 1 x Trace Metals, and kanamycin (50 µg/mL) was inoculated to a starting optical 355 density at 600 nm (OD600) of 0.1. If labeled protein was required for NMR experiments, M9 356 minimal medium where 1 g/L of 15 N-amonium chloride and 3 g/L of protonated 13 C-glucose were 357 used as the principal nitrogen and carbon sources, respectively was used instead of TB medium.
358
Cells were grown at 37 ℃ with agitation at 250 rpm until an OD600 of 0.8 was achieved and at this 359 stage, the temperature of the incubator was reduced to 18 ℃ and expression of all constructs was As no suitable homologous search model existed for molecular replacement and there was only a 398 single methionine in the protein sequence, the crystal structure was solved using single 399 isomorphous replacement with anomalous scattering (SIRAS). A suitable mercury derivative was generated by soaking crystals in precipitant supplemented with 1 mM of thiomersal for 3 hours.
401
The mercury covalently reacts with the protein primarily at the reactive cysteine residue Cys 649.
402
Initial Patterson map interpretation, phasing, and initial structure determination were executed 403 using SOLVE (39). This initial model comprised approximately 2/3 rd of the protein sequence and 404 the remainder of the model was manually built into 2Fo-Fc and Fo-Fc maps using COOT (40). All 405 coordinates were refined to convergence using BUSTER and the PHENIX suite of programs (41-406 43). The statistics of data used for refinement is reported in Table 1 . uniformly sampled datasets were collected using Poisson Gap sampling schemes and processed in 417 Topspin 3.5 using the hmsIST algorithm (45, 46) . All data for the assignment of backbone atoms 418 was analyzed in CARA (47) and residues which experienced a change in chemical shift between 419 the different constructs were mapped onto the protein structure in Pymol (48). 
